We perform high-field magnetization measurements on the triangular lattice antiferromagnet Fe1/3NbS2. We observe a plateau in the magnetization centered at approximately half the saturation magnetization over a wide range of temperature and magnetic field. The existence of this plateau is direct evidence of a metamagnetic transition to a four-spin unit cell with an up-up-updown configuration. We perform a spin-wave analysis to understand the shape of the magnetization plateau and determine that next nearest neighbour interactions are likely strong. This elucidates the origin of the Z3 symmetry breaking ground state, and illustrates the material is strongly frustrated. The strong frustration may be pertinent to the magneto-electric properties of Fe1/3NbS2, which allow electrical switching of antiferromagnetic textures at relatively low current densities.
The nearly degenerate landscape of ordered states available to frustrated magnets usually arises because of the presence of multiple channels of interaction. Diagnosing the relative magnitude of these interactions gives a direct insight into the physical origin of the frustration. The existence of magnetization plateaus at fractions of saturation, when a material is subjected to large external magnetic fields, is a powerful tool to this end. Such plateaus have primarily been studied in strongly insulating materials, where plateaus complement neutron scattering and other methods to understand the effective interactions between spins. Plateaus can also exist in materials with some degree of conduction, and in such systems they may provide insight into how magnetic order can control -and be controlled by -charge or spin currents.
When a layered transition metal dichalcogenide such as NbS 2 is intercalated with magnetic species, a variety of magnetic states can form depending on the precise symmetry of the structure as well as the chemical nature and concentration of intercalants [1, 2] . The antiferromagnet Fe 1/3 NbS 2 has recently been found to show stable, reversible switching between stable states by applied electrical current [3] , via a similar mechanism to those proposed in other antiferromagnetic materials [4, 5] . However, determining the nature of the magnetic ground state has been challenging, as collinear and non-collinear order are energetically close and the true ground state depends strongly on the magneto-crystalline anisotropy [2] . The nature of the underlying ordering in Fe 1/3 NbS 2 has been studied by both neutron scattering [6] of magnetic order and optical linear birefringence microscopy [7] , which probes nematic structure in the electrical conductivity. Both measurements -electric * shannon haley@berkeley.edu or analytis@berkeley.edu and magnetic -find indications of threefold symmetry breaking in the ground state, whose origin is unclear.
We report here a hitherto unobserved plateau in the field-induced magnetization at half of the saturation value. Such a plateau, with an up-up-up-down structure ("UUUD"; three spins up and one down in a four-spin unit cell), has previously been argued to exist theoretically in both anisotropic classical [8] and isotropic quantum [9] models of triangular lattice antiferromagnets. In the isotropic case, the half-magnetization plateau exists whenever there is a significant next nearest neighbor magnetic coupling [10] . (We will discuss the magnetic Hamiltonian inferred from magnetization measurements and spin-wave analysis in more detail below.) However, experimental realizations of a half-magnetization plateau on a triangular lattice are relatively rare [11] , and their observation is strong evidence for the presence of significant next nearest neighbor interactions.
The implication from theory is that the same interactions that generate the plateau are also responsible for a threefold symmetry breaking stripe phase in the ground state, for both quantum and classical models. The halfmagnetization plateau found in Fe 1/3 NbS 2 thus gives a strong clue to the physical mechanism of the threefold symmetry breaking in this material in zero applied field, and thereby provides a microscopic picture for the electrically switchable antiferromagnetic texture. Fe 1/3 NbS 2 is a quasi-2D material with space group P 6 3 22 182 whose magnetism arises from the iron which sits between layers of NbS 2 (Fig. 1 (a) ). These magnetic atoms form triangular lattices in each layer, with adjacent layers staggered with respect to one another ( Fig. 1 (b) ). Charge from the iron atoms is transferred to the NbS 2 conduction band, leaving them in a 2+ ionized state, with four unpaired localized electrons per atom [12, 13] . The macroscopic behavior of the material in low field is antiferromagnetic (AFM); microscopically, the nearest neighbor and next nearest neighbor exchange interactions are both thought to be AFM, making this an interesting variety of frustrated AFM [2] .
Heat capacity measurements show two clear transitions at zero field ( Fig. 2 (b) ). With the application of field, these transitions move apart from each other in temperature. The lower temperature transition has a further splitting at higher fields, indicating the presence of an additional intermediate phase.
Measurements of the magnetic susceptibility as a function of temperature in low applied fields show that there is an AFM regime below the transitions, and a paramagnetic regime above them ( Fig. 2 (a) ). Fitting to the paramagnetic regime, the Curie-Weiss Law yields an estimate of 4.5 µ B /Fe for the fully saturated moment of the material. This is in agreement with the values found in the literature, which predominantly range from 4.3 to 5 µ B /Fe [12, [14] [15] [16] [17] , although there is one report as high as 6.3µ B /Fe [1] .
High field measurements further elucidate the nature of the phase transitions. Measurements at 0.6K and 20K of the magnetization as a function of applied field are shown in Fig. 3 (a) . The full set of measurements, taken at temperatures ranging from 0.6K to 50K, is given in [18] , and the phase boundaries determined from these measurements are shown in Fig. 4 .
From these measurements it can be seen that there are three dominant phases at low temperature: (I) the zero field phase characterized by a small magnetic moment, (II) the 'plateau' phase characterized by a nearly constant magnetic moment centered around half the estimated saturation moment, and (III) a high field phase which approaches the fully saturated moment. The final phase gets pushed above 60T at the lowest temperatures. An intermediate phase bridging the zero field and plateau phase has only a weak feature in the magnetization (see Supplemental Material [18] ).
The experimental phase diagram, Fig. 4 , shows a nonmonotonic dependence of the ordering temperature on applied field. This dependence can be explained by the double impact of an applied field on a quasi-2D system, as was argued by Sengupta et al. regarding the tetragonal AFM [Cu(HF 2 )(pyz) 2 ]BF 4 [19] . Fluctuations of the mean field become significant in such systems. As the field increases, both the order parameter and these fluctuations are suppressed. The latter effect leads to an increase in the transition temperature in low field, and the former takes over and brings down the transition temperature at higher fields. In our case, there is the interesting addition of a second ordered phase, which is destroyed in that low field regime.
While the primary measurements were performed on a stack of co-aligned crystals in pulsed field, the nature of the plateau was confirmed both with a single crystal in pulsed field, and with a stack of crystals in a 30 T DC field. A comparison of these measurements to pulsed field is found in [18] . The DC measurement was additionally used to scale the pulsed field data, whose experimental apparatus measures magnetization up to a constant scal-ing factor.
The plateaus are well explained by a 2D lattice model close to those of Refs. [8, 9] . To justify this, we have performed ab-initio calculations using density functional theory (DFT). Details are given in [18] . DFT indicates that the coupling between adjacent layers is small, J ⊥ < 0.1 meV, and ferromagnetic, effectively decoupling adjacent iron layers. We can thus consider a 2D model using the spin degrees of freedom in a single Fe layer, which form a triangular lattice of quantum spin-2's. We consider antiferromagnetic nearest neighbor (NN) and next nearest neighbor (NNN) couplings, as well as magnetocrystalline anisotropy:
The presence of J 2 J 1 /8 is required to have a four-spin 2D magnetic unit cell, which is necessary to capture the half-magnetization plateau [8, 20] . We will see that this minimal model explains many key features of Fe 1/3 NbS 2 .
Half-magnetization plateaus are present in two close variants of Eq. (1) studied in the literature -with D = 0 in [9] and a 3D generalization in [8] . The physical origin of the magnetization is a succession of three phases that appear with increasing field (Fig 3 (c) ). (I) At zero field, the model favors a "stripy" AFM phase, with a magnetic unit cell of two atoms, one pinned up and the other pinned down. (II) Applying a sufficiently strong out-of-plane field causes a transition to the so-called UUUD phase, with three of the four spins in the magnetic cell aligned with the field and the last anti-aligned. This phase is stabilized both by quantum fluctuations for J 2 /J 1 > 1/8 [9] and large magneto-crystalline anisotropy D/J 1 [18] . (III) Finally, for sufficiently high fields, the magnetization saturates and all spins are aligned with the field. These phases have net magnetization which is, respectively, almost exactly zero, one-half, and one times the saturation magnetization of iron, 2g Fe µ B ≈ 4.18µ B . This is consistent with the measurements in Fig. 3(a) .
To employ the model Eq. (1), we estimate the parameter values (J 1 , J 2 , D). While we cannot uniquely determine these parameters, we can significantly constrain their values. Following Ref. [21] , we relate the magneto-crystalline anisotropy to the in-and outof-plane Curie-Weiss temperatures (found from our fits to be −110 K and −26 K, respectively). This yields a magneto-crystalline anisotropy of approximately D ≈ 1 meV. Our ab-initio DFT calculations give an anisotropy in the range of D = 0.3 − 0.7 meV [18] . The DFT values for D are close to the experimental estimate, confirming our estimate of D as reasonable. The Curie-Weiss temperatures can similarly be related to the sum of all coupling constants, giving an estimate of i J i = 6(J 1 +J 2 +· · · ) = 1.3 meV, where the factor of 6 arises because each atom has six nearest and next nearest neighbors. Given that this value of 1.3 meV is for all couplings for a single spin (including ferromagnetic interlayer interactions which do not enter our 2D model), together with the reasonable assumption that the intralayer interactions dominate, we can surmise that J 1 , J 2 < 1 meV. The presence of a plateau at high fields furthermore suggests that J 2 /J 1 > 1/8 and that D/J 1 > 1 [8] . Almost all parameters that are consistent with the above constraints give comparable results.
In the following, we choose representative parameters (J 1 , J 2 , D) = (0.4, 0.1, 1.0) meV that satisfy the above conditions to directly compare Eq. (1) to experiment, by calculating the magnetization as a function of applied magnetic field. We consider a magnetic unit cell of four atoms -necessary to capture the UUUD phase -and use linear spin-wave theory (LSWT). We introduce four species of magnons, one for each site in the unit cell, via a Holstein-Primakoff transform on Eq. (1). We can rewrite Eq. (1) as
where H clas. is the classical Hamiltonian and H magnon is a quadratic Hamiltonian in the four species of magnons (details of this derivation are given in [18] ). We then find the classical ground state -and hence the phaseby minimizing the classical spin configuration S i . With the classical ground state in hand, we can compute the magnetization along the c-axis as i S c i + ∆S z i , where the spin reduction ∆S c i is the expectation of S c calculated in the thermal state of H magnon at finite field and temperature. The result is shown in Fig. 3 (b) .
The good agreement between measurement and theory in Fig. 3 is a result of several factors that compound to make LSWT particularly accurate in this situation. Previous work needed to carefully determine the ground state out of many candidates of nearly equivalent energy [8, 9, 20] . However, we find that when D J 1 + J 2 , the phases are clarified at the classical level [18] and only the stripy, UUUD, and saturation phases are present with first-order transitions between them. This is because D increases the band gap of the magnon band. For example, in the stripy phase in zero field, the gaps at the band bottoms at zero temperature are
at the Γ and K points, respectively, if
. This large gap makes LSWT more reliable at low temperature because the number of magnons will be small; ∆S i /S, the expansion parameter for LSWT, decreases with increasing D. (The fact that S i is spin-2 rather than 1/2 further increases the accuracy.) Conceptually, a large anisotropy D vastly narrows down the possibilities for the ground state to the phases where the spins are almost aligned with the out of plane axis -and there are only a few such possibilities. The UUUD phase responsible for the halfmagnetization plateau is stable at the classical level over a wide range of applied fields. The model Eq.
(1) qualitatively reproduces the critical field strengths and quantitatively captures the magnitude of the magnetization. However, it fails to describe some of the fine features of the measurements, such as the variation of critical field strength with temperature, and the small, positive slope of the magnetization within plateaus. In addition, the intermediate phase detected by measurements between the plateau and stripy order, is also not captured by the model. On the other hand, as a minimal model that only includes a subset of the degrees of freedom and must be solved approximately, the model is highly consistent with measurements. We may conclude that Eq. (1) is a good minimal model that captures the main experimental features of the magnetization response of Fe 1/3 NbS 2 . The two phases visible at low field are different antiferromagnetic orderings, corresponding to (nearly) zero net magnetization and the 1/2 magnetization plateau (blue and yellow respectively). Our calculations suggest the former is a stipe phase while the plateau is UUUD. At high field the magnetization saturates to the full moment, as expected. An intermediate phase bridging the stripe and UUUD phase has also been found, of unknown origin. Good agreement is seen between phase boundaries determined by the heat capacity and pulsed field magnetization measurements. Phase boundary lines are a guide to the eye.
The applicability of the lattice model suggests that Fe 1/3 NbS 2 is proximate to many other phases, some of which are possibly similar to supersolid phases discussed by Seabra and Shannon [8] . One of these may describe the boundary phase dividing stripy and plateau orders in Fig. 4 . As described in Supplemental Materials [18] , this intermediate phase has a kink in the magnetization at approximately ∼ 1.6µ B , or around a third of the saturation magnetization. This may associate the intermediate phase with an UUD transition which appears naturally in the same lattice models [8] , but our data is inconclusive on this matter.
The agreement of the experimentally observed magnetization with a 2D spin wave model suggests that the magnetic behavior, while largely two-dimensional, involves conventional magnetic phases. This model could be further confirmed by inelastic neutron scattering, which should be able to detect the relatively large gap in the magnon spectrum in Eq. (3). The existence of a half-magnetization plateau is a strong indication that next nearest neighbor interactions are significant in these materials, which both ensures the system is highly frustrated and has a large impact on the zero-field ground state. The three-fold anisotropy seen in optical measurements [7] , for example, originates from a magnetic order driven by a large ratio of J 2 /J 1 , likely stripy in nature [8, 9] . The recent demonstration of electrical switching at relatively low current densities may involve the coupling of spin polarized currents to this correlated landscape of magnetic states, suggesting a promising arena in the search for antiferromagnetic spintronic materials in frustrated magnets.
